A colloid is a dispersion of very fine objects in a fluid [1] . These objects can be solids, liquids or gas, and the corresponding colloidal dispersion is then referred to as suspension, emulsion or foam. Colloids possess unique characteristics. For example, as their size is smaller than the wavelength of light, they scatter light. They also offer a large interfacial surface area, meaning that interfacial phenomena are of paramount importance in these dispersions. The weight of each dispersed particle being small, gravity and buoyancy forces are not sufficient to counteract the thermal random motion of the particle, named Brownian motion (in tribute to the 19 th century botanist
Introduction
A colloid is a dispersion of very fine objects in a fluid [1] . These objects can be solids, liquids or gas, and the corresponding colloidal dispersion is then referred to as suspension, emulsion or foam. Colloids possess unique characteristics. For example, as their size is smaller than the wavelength of light, they scatter light. They also offer a large interfacial surface area, meaning that interfacial phenomena are of paramount importance in these dispersions. The weight of each dispersed particle being small, gravity and buoyancy forces are not sufficient to counteract the thermal random motion of the particle, named Brownian motion (in tribute to the 19 th century botanist
Robert Brown who first characterized it). The particles do not remain in a dispersed state indefinitely: they will sooner or later aggregate (phase separation). Thus, the colloidal state is in general metastable and colloidal stability is one of the key features to take into account when working with colloids. Among all colloids, the polymer colloid family is one of the most widely investigated [2] . Polymer colloids are used for a large number of applications, ranging from coatings, adhesives, inks, impact modifiers, drug-delivery vehicles, etc. The particles range in size from about 10 nm to 1 000 nm (1 μm) in diameter. They are usually spherical, but numerous other shapes have been observed. Polymer colloids are not uncommon in nature. For example, natural rubber latex, the secretion of the Hevea brasiliensis tree, is in fact a dispersion of polyisoprene nanoparticles in water. Synthetic polymer colloids, also called synthetic latexes, play a prominent role in industrial chemistry. Interest in synthetic latexes developed during the Second World War, when the Japanese Navy threatened access to natural Hevea, an important raw material for tire manufacturing at that time. It appeared judicious to produce synthetic polymers under the same aspect, so that downstream operations on the elastomer processing units could remain unchanged. This led to the development of the emulsion polymerization process, one of the most versatile polymerization processes [3, 4] . The words latex, polymer colloids, and dispersed polymer nanoparticles are used interchangeably for any kind of stable colloidal submicronic polymer dispersions in a solvent, which in the majority of cases is water. In this chapter we will present a few salient features of polymer colloid structure, followed by data on the synthesis of these colloids, and finally we will give several key points on colloidal stability.
Polymer colloids inside out 2.2.1 How many polymer chains per particle?
Let us consider a polymeric sphere of diameter (d p , the average number of polymer chains per polymer particle is Vρ/m = 26. The average number of chains per particle for representative particle sizes and polymer molecular weights is listed in Table 2 .1. Core-shell particles, whereby a core particle of a given material is engulfed in a shell of another component, form an important class of polymer colloids. For example, hybrid nanoparticles made up of an inorganic core and a polymer shell find wide application in various fields of materials science such as optics, catalysis, microelectronics, biology, and medicine [5] . As another example, let us consider a 20 nm diameter silica particle surrounded by a 5 nm polymeric layer (molecular weight 10 5 g/mol), which contains 61 polymer chains. At first glance, this number may seem large in comparison to the 26 chains constituting a 20 nm particle. However, it should be remembered that most of the weight of a particle resides in its outer layer. For core-shell particles, the volume of the shell becomes larger than the volume of the core when the shell thickness is 12.5 % of the core diameter. 
How many particles?
Three main parameters characterize a polymer dispersion, namely the particle diameter in nanometers (d p ), the solid content (SC), i.e., the weight percentage of solid in the dispersion, and the particle number (N p ), which is the number of polymer particles per unit volume of dispersion. These three parameters are interrelated and they cannot be varied independently of one another. Simple geometrical arguments can be used to demonstrate that:
where ρ is the density in g/l of the polymer particle in water. Usually, N p will consist of between 10 13 and 10 19 particles/l, which correspond respectively to dilute and concentrated dispersions. The final use of the polymer dispersion dictates what the values of N p , SC, and d p should be. For example, when the polymer dispersion is dried to form a polymer film, the solid content should be as high as possible in order for the film to form rapidly. Dispersions with an SC of 60 % and higher are used in the manufacture of aqueous paints (such as acrylic paints). For polymers with a density close to one, volume fraction and SC are similar. For a monodisperse particle distribution (i.e., particles all have the same diameter), the theoretical maximum volume fraction is 74 %, which corresponds to a cubic close-packed arrangement of spheres (also called face-centered cubic, or FCC) [6] . As the nanoparticle arrangement is similar to that of molecules in a crystal, this state is referred to as a colloidal crystal ( Fig. 2.1 ). The periodic arrangement of particles and the voids in between them acts as a diffraction grating for light, with the resulting effect that colloidal crystals are brightly colored. This explains why they are also called photonic crystals [7] . The majority of colloidal crystals are prepared with inorganic materials such as silica, although polymer colloidal crystals have also been developed [8, 9] .
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Fig. 2.1.
Scanning electron microscopy images of crystalline assemblies of 100 nm polystyrene nanoparticles (reprinted with permission from [10] ).
When latex is dried, water first evaporates until the particles are in close contact (stage I of film formation, Fig. 2.2) . If the particles are monodisperse and hard (high glass transition temperature, T g ), and if the arrangement is devoid of defects (a condition which is practically difficult to achieve), then a colloidal crystal is formed (see Fig. 2.1 ). If the particles are deformable (low T g ), the particles are compressed into a rhombic dodecahedral arrangement (stage II). Since T g is low, the polymer from one particle will diffuse in adjacent particles, resulting in the formation of a continuous film (stage III). The three stages of film formation represent a simplified view of the formation of a film from latex. The film formation process is in fact much more complex [11] , a fact with important repercussions in the domain of coating technology.
Returning to a dispersion of polymer nanoparticles, we have seen that for a volume fraction of 74 %, monodisperse latex takes the form of a crystal-like solid. Practically, the latex does not flow anymore and has an infinitely high viscosity as soon as the volume fraction reaches 64 % [13, 14] . At this point, the spheres are randomly packed, and long-range motions are impossible. However, free flowing latexes with volume fractions higher than 64 % can nonetheless be obtained. In this case, the latex must have a polydisperse size distribution, whereby small particles can be lodged in the voids created by large particles [15] .
Are the chains immobile within the nanoparticle?
When T g of the polymer is above room temperature, the polymer chains are frozen and the chains can be considered immobile within the time frame of the experiment. When T g is below room temperature, various models such as the Rouse model or the reptation model, can be used to estimate the self-diffusion coefficient (D) of the chains. Let us consider a case for which the value of D = 10 −20 m 2 /s [16] , which corresponds to a low value of D that would either be encountered for a high molecular weight chain, or at temperatures just above T g . The diffusion length scale (L) can be approximated as L = (DT) 0.5 , where (T) is the diffusion time. In a time interval T = 1 month, the diffusion length scale L will be 161 nm, which is larger than the size of the particles that we will consider in this chapter. Thus, above T g the chains diffuse freely within the time scale of the experiment, whereas below T g the chains are immobile. So the remaining question is whether the T g of the nanoparticle corresponds to the T g of the bulk polymer. Before answering this question, one should consider the environment of the nanoparticle. The solvent in which the nanoparticle is suspended (such as water, for example) can act as a plasticizer, resulting in a lower T g . Hydroplasticization is generally thought to be responsible for a decrease in T g of approximately 12°C for styrenic and acrylic polymer nanoparticles suspended in water [17] . As a result of the polymer chains being confined in a small nanoparticle, T g deviates from the bulk value. This so-called confinement effect is due to the combination of interfacial and size effects. Interfacial effects are influenced by the specific interaction between the particle surface and its environment, whereas size effects occur when the particle size is of the same order of magnitude as the characteristic size of the region in which cooperative motion occurs. Although no exact number can be given, one would expect that size effects are important for nanoparticles smaller than 10 nm. Numerous observations on polymeric thin films also confirm that size effects are only significant for films thinner than approximately 20 nm [18] . However, data on the T g of polymeric nanoparticles are still very much controversial. For example, recent data indicate that in water, the T g of polystyrene nanoparticles with a diameter of 90 nm is 58°C lower than bulk T g [19] .
The relatively simple picture presented in the above paragraph only applies to simple nanoparticles composed of a single homopolymer. Usually one would prepare, characterize, and utilize nanoparticles made up of a large number of components, either under the form of blends of homopolymers or of copolymers with various architectures. This point is introduced in the following paragraph.
Morphology of polymeric nanoparticles
As polymers are rarely miscible, phase separation often occurs within nanoparticles, leading to the formation of a nanostructured object with a specific morphology -that is to say, with a specific arrangement of each of the polymeric phases. Unraveling the morphology of a polymer nanoparticle is not a simple task. It is often achieved by transmission electron microscopy (TEM) with selective staining of one of the phases, although other techniques such as nuclear magnetic resonance (NMR, [20] ) or differential scanning calorimetry (DSC) have also been used [21] .
Starting with a simple blend of two non-compatible polymers, numerous morphologies can be obtained such as core-shell particles, hemispherical particles like half-moons, particles with various inclusions, etc. (Fig. 2.3 ). Among all of these, kinetically trapped morphologies should be distinguished from thermodynamic morphologies. The latter is usually attained when the particle has been exposed to temperatures above T g , as in this case the chain's mobility is high enough to reach the lowest energy conformation. Thermodynamically speaking, the system is constituted of three phases: two polymers and the continuous phase. In a seminal study on the coalescence of immiscible droplets [22] In fact, the analysis by Torza and Mason relies on simplified scenarios. A more rigorous approach, developed by Sundberg et al. [23] , indicates that equilibrium morphologies depend not only on the exact values of the respective surface tensions ij , but also on the amount of each polymer and the surface coverage of the particle by a surfactant (Fig. 2.4 ). We will see below that surfactants are indispensable to impart colloidal stability to the polymer nanoparticles.
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10% 15% 25% 50% 100% Fig. 2.4 . Predicted morphologies of a polymer particle consisting of two polymers (polystyrene in black and poly-n-butylmethacrylate in grey) suspended in water with various surface coverage by sodium dodecyl sulfate (% surface saturation). Reprinted with permission from [23] .
As mentioned above, the main technique for unraveling the morphological features of polymer nanoparticles is TEM. A selective positive stain is used to discriminate one of the polymer phases. For example, osmium tetroxide can be used to stain polymers containing benzene rings or isolated double bonds. For simple cases (such as core shell particles), it is possible to assess the morphology without sectioning the particles in thin layers with a microtome. However, for more complex cases the particles must be microtomed after embedding in a hard resin or the morphology may be wrongly 250 nm attributed. TEM pictures must also be analyzed with great care. For example, Fig. 2 .5 illustrates all possible TEM pictures of a single type of nanoparticle, depending on its preparation and its orientation under the TEM beam. The morphological features of particles consisting of two homopolymers are very different from those obtained from polymers with more complex architectures. Among these, amphiphilic diblock copolymers, which consist of a hydrophobic and a hydrophilic block, have been the most studied [24, 25] . Such copolymers, comprised of a hydrophilic and a hydrophobic block self-assemble in water in order to shield the hydrophobic units from water. Water is then qualified as a selective solvent, as it is a good solvent for one part of the block and a poor solvent for the other one. Organic solvents can also be selective, resulting in reverse structures with hydrophilic units on the inside and hydrophobic on the outside. Several equilibrium morphologies are possible, the most classical ones being polymeric spherical and cylindrical micelles and vesicles ( Fig. 2.6 ). The self-assembly of amphiphilic polymers is dictated by the value of the critical packing parameter (P), where P = V/(a 0 l c ), where V is the volume of the hydrophobic block, l c is the end-to-end distance between both extremities of the hydrophobic block, and a 0 is the cross-section between both blocks. This parameter, first introduced by Israelachvili to predict the assembly of non-polymeric surfactants [26] , is a nondimensional number which measures the curvature of the cone generated by the surface enveloping both blocks. Low values of P are obtained for asymmetric block copolymers formed by a short hydrophobic and a long hydrophilic block. They self-assemble into spherical polymeric micelles, whereby the hydrophilic block is solvated, whereas the hydrophobic one forms the core of the micelle. When the hydrophobic block becomes longer, packing into a sphere is impossible and the micelles become elongated (so-called cylindrical micelles). Eventually, for a high packing number, lamellar phases are formed, whereby two diblock copolymers in a headto-tail conformation generate a locally planar arrangement. These lamellar structures can fold in on themselves to form a vesicle. Polymer vesicles are often called polymersomes [27] . Importantly, at the length-scale of the polymer, the vesicle interface is flat, and the curvature of the interface is nearly null, thus the diameter of the vesicle is in- dependent of the structure of the block copolymer and mainly depends on preparation conditions (stirring, temperature, ionic strength, etc.).
The value of the packing parameter can only be used to predict equilibrium morphology. Practically, this condition is achieved when the amphiphilic chains are able to diffuse through the solvent and probe several conformations until they form the structure of lowest energy. This is the case when the amphiphilic polymer has nonzero water solubility (when the self-assembly is performed in water), thus for polymers with a rather long hydrophilic block. In this case, self-assembly ( Fig. 2.6 ) occurs when the concentration of polymers in water is above a critical concentration, called critical assembly concentration (CAC), in reference to the critical micellar concentration (CMC) observed for small molecule surfactants. It should however be mentioned that CAC are usually very low (frequently in the μmol/l or below), whereas CMC are usually higher. Various techniques have been devised to precisely measure CAC, the most classical being monitoring the change of the fine structure fluorescent emission band of an organic fluorophore (pyrene), for various concentrations of polymer [29] . Below the CAC, the polymer chains are dissolved as individual entities, whereas above CAC, self-assembled have a structured form, but a fraction of the polymer chains (at concentration CAC) is solubilized in water. In the latter case, the soluble polymer chains and self-assembled chains exchange during the experiment. Does this mean that selfassembled structures are always dynamic and exchange with dissolved chains? Not at all, it is in fact possible to prepare self-assembled polymer colloids for polymers with virtually zero solubility in the solvent. Various techniques exist and will be described below, but it is important to remember that the resulting self-assembled object may be in a kinetically trapped conformation.
Star micelles
Crew-cut micelles Polymeric spherical micelles, the most commonly encountered self-assembled polymeric object, can thus be classified into two distinct categories using the terminology first introduced by Eisenberg ( Fig. 2.7 , [30, 31] ). Star micelles in water are composed of a long hydrophilic and a short hydrophobic block, are in dynamic exchange with freely dissolved polymer chains, and adopt a thermodynamically favored conformation. They have a low but nonzero CAC, and they form spontaneously when the polymer is added to water. By contrast, crew-cut micelles, consisting of a long hydrophobic and a short hydrophilic block, are kinetically frozen ( Fig. 2.7 ). Their CAC is virtually zero and no dynamic exchange process occurs within a reasonable time period. Lastly, they can only be formed by an indirect method (see below).
Preparation of polymer nanoparticles
There are so many methods of preparing polymer nanoparticles that an entire book would not be sufficient to cover them all. This section will present two main classes of preparation techniques, the first belonging to the class of heterophase polymerizations, and the second to the class of self-assembly. Within heterophase polymerizations [32] , three techniques will be introduced: emulsion, miniemulsion and microemulsion polymerizations. Other techniques, such as suspension and dispersion polymerizations will not be covered as they usually lead to micron-size particles. Heterophase polymerization (Table 2. 2) is the class of polymerization reactions in which a polymer is formed in a nonsolvent (typically water). Most of these polymerizations are radical polymerizations because free radicals, unlike carbanions and carbocations, do not react with water or other solvents currently employed for polymerization. Emulsion polymerization is a process whereby a monomer which is mostly water insoluble is polymerized in water using a water-soluble radical initiator. The resulting product is a latex, that is to say a dispersion of polymer nanoparticles in water. This is the main polymerization technique for obtaining polymer nanoparticles. Besides conventional emulsion polymerization, miniemulsion polymerization and microemulsion polymerization also lead to the formation of latexes. If the monomer is soluble in the solvent but not the polymer, the process is referred to as dispersion polymerization. If both monomer and radical initiators are insoluble in water, then large particles are obtained -this process is referred to as suspension polymerization. 
Emulsion polymerization
Emulsion polymerization is a remarkably simple experiment to conduct which usually leads to a high yield of monodisperse nanoparticles [2] . Numerous variants exist, such as, for example, the seeded emulsion polymerization, whereby small nanoparticle seeds are used as nuclei for polymerization, thus superseding the need for nucleation. By using several monomers, a very large number of particle morphologies can be attained. Emulsion polymerization is one of the major processes used in industry for the production of polymers. Among the monomers polymerized in emulsion, let us cite the acrylic monomers, fluorinated and chlorinated monomers such as vinylidene chloride, vinyl chloride or tetrafluoroethylene, vinyl acetate and its copolymers, styrene, and butadiene [4] .
Emulsion polymerization presents numerous advantages: -As water has a very high heat capacity, the dispersed system allows good control of the exothermicity of the polymerization reaction. -The viscosity in the latex remains low, even when SC reaches 50 % or above, in contrast with solution polymerization, where viscosity skyrockets as SC increases. -Emulsion polymerization yields high molecular weight polymers, usually higher than solution or bulk polymerization under similar conditions. This is due to the fact that the radicals are compartmentalized in separate particles. Their life span is usually longer than in bulk. -The rates of emulsion polymerizations are usually higher than solution polymerizations. -Emulsion polymerization is a very handy way of manufacturing sticky rubbers or other viscoelastic compounds, since the particles are surrounded by a layer of emulsifier that prevents them from coagulating. -Last but not least, emulsion polymerization does not require any organic solvent.
There is of course a price to pay for all these advantages: -First, latexes are very fragile and are prone to flocculation (coagulation). Latexes are always stabilized by convenient surfactants, necessary to retain the colloidal state (see below). However, the surfactant can be undesirable in the final product. -One key step during the polymerization process is nucleation, which is often found to be highly variable and difficult to reproduce. This often results in latexes presenting variable particle sizes.
Let us consider a typical emulsion polymerization recipe: 400 g of an organic monomer, 1 000 g of water, 4 g of a surfactant, for example sodium dodecyl sulfate (SDS), and 1 g of a water soluble radical initiator such as potassium persulfate. As the cmc of SDS is 2.4 g/l at room temperature, then approximately 4 − 2.4 = 1.6 g of SDS are engaged in forming micelles. Since on average each SDS micelle is constituted of 50 molecules, there are 6.7 ⋅ 10 19 micelles in the system. These micelles are swollen by the monomer: each gram of micelle can accommodate around 0.5 g of styrene within its core. Furthermore, a small amount of styrene (0.3 g) is simply dissolved in water (styrene has a low but nonzero aqueous solubility). Thus, from the initial 400 g of styrene monomer, approximately 399 g are neither in the aqueous phase nor in the micelles. If the system is not stirred, a separate organic phase will appear on top of the aqueous phase, but under mechanical stirring large droplets (1-10 microns in diameter) stabilized by a small amount of surfactant will form. If the water-soluble radical polymerization initiator is added at this point, emulsion polymerization is triggered. A series of colloidal events ensue which were first described by Harkins [33] , and which is referred to as the mechanism of emulsion polymerization ( Fig. 2.8 ). 
Stage I: Nucleation
The radical initiator, dissolved in water, decomposes to form free radicals which subsequently form free radical oligomers by reacting with the low amount of monomers dissolved in the aqueous phase. Each time a monomer is inserted, the oligomer be-comes less and less water-soluble and eventually diffuses to the organic phase. Assuming that the monomer droplets have an average diameter of 10 microns, and using equation (2.1), one finds that there are 2 ⋅ 10 12 droplets in the system. The total surface area provided by all these droplets is 650 m 2 . By contrast, the 6.7 ⋅ 10 19 micelles, with an average diameter of 4 nm, present a surface area of 3 400 m 2 . Statistically, the radicals are captured by the micelles which are swollen by monomers, and on polymerization, the micelle is transformed into a growing polymer particle. The formation of polymer particles is referred to as nucleation which, according to this model, occurs in the micelles and is a case of micellar nucleation. Generally, only a small fraction of the micelles are used for particle nucleation, the rest serving as a surfactant reservoir to stabilize growing particles. When no more micelles are present, the nucleation is terminated. At this point there are typically 10 14 -10 18 particles per liter of emulsion and the overall conversion is of the order of 1-10 %. Nucleation can also take place when the surfactant concentration is below CMC. This is referred to as homogeneous nucleation. In this case, the radical oligomer grows into the aqueous phase; it eventually precipitates, forming a very small particle (so-called primary particle), which serves as a nucleus for a polymer particle. Homogeneous nucleation leads to latexes with a lower N p , usually consisting of between 10 13 -10 15 particles per liter.
Stage II: Steady state
Once nucleation is terminated, N p remains constant. Polymerization occurs within the particle where monomer concentration is high (the polymer is swollen by the monomer). Each time a monomer is polymerized in a polymer particle, another one diffuses from the aqueous phase to the particle and yet another diffuses from a monomer droplet to the aqueous phase. Thus, the monomer droplets act as monomer reservoirs and the monomer concentration in the particle (C p ) remains constant during this stage. Two antagonistic factors control C p : the swelling of the polymer particle by the monomer, which is entropically favorable for the polymer, and the increase of particle surface upon swelling by the monomer, which is associated with an increase in surface energy. These two contributions are balanced in the Morton-Kaizermann-Altier equation:
where χ is the Flory-Huggins interaction parameter between the polymer and the monomer, r the radius of the particle, φ p the volume fraction of the polymer in the particle, and V°the molar volume of the monomer. From this equation, φ p can be calculated, followed by C p (Table 2 .3, [34] ). During stage II, C p and N p remain constant. Therefore, the rate of polymerization is constant; this stage is the steady state period of the polymerization. Similar to the nucleation state, radicals formed in the aqueous phase enter the particles at regular intervals. If the particle already contains a radical, then chances are that the two radi- cals, being in close proximity, will terminate. Thus, except for very large polymer particles, the particle can only contain 0 or 1 radical, and the average number of radicals per particle is n = 1 2 . In certain cases (for example after a transfer to monomer), radicals can exit the particle before another radical entry occurs, and in this case, n ≺ 
Stage III
At this point the monomer droplets have disappeared and the monomer concentration in the particle diminishes. Often, a gel effect (Trommsdorff effect) occurs: in short, the polymerization rate increases significantly due to a drastic increase of n (radical termination is slowed by the high internal viscosity of the particle). Furthermore, as the monomer is consumed in the polymer particles, the particles shrink during this stage.
Although emulsion polymerization is by far the most widely practised heterophase emulsion polymerization technique, it also suffers from intrinsic limitations. For example, its mechanism implies that the monomer diffuses through the aqueous phase. Therefore, monomers with extremely low aqueous solubility (Table 2. 3) are often difficult to polymerize. In this case miniemulsion polymerization should be used.
Miniemulsion polymerization
The use of miniemulsions to form polymer nanoparticles was pioneered by Ugelstad and El-Aasser [35] . Miniemulsions are dispersions of critically stabilized oil in water droplets prepared by shearing a system containing oil, water, a surfactant, and a hydrophobe [36] [37] [38] . In miniemulsion polymerization, the monomer is emulsified to form a stable miniemulsion ranging in size from 100 to 500 nm. Each of these droplets becomes an independent nanoreactor for the polymerization, and the resulting polymer particles form an exact replica of the initial nanodroplets.
One of the key features of miniemulsion polymerization is the colloidal stability of the initial droplets. In conventional oil-in-water emulsions, droplets of various sizes are formed and rapidly phase separate into one separate oil-phase when stirring is stopped. Ostwald ripening, the diffusion of the oil phase through the aqueous phase ( Fig. 2.9 ) is responsible for this gradual coarsening of the emulsion. This process is driven by the difference in Laplace pressure between droplets having different radii: the oil diffuses from the smallest to the largest droplets. Besides Ostwald ripening, mass transfer between droplets can occur when they collide. This collision mechanism is most conspicuous in highly sheared systems and leads to either fusion or fission of the droplets. Ostwald ripening can be effectively suppressed by the addition of a small amount of a hydrophobic compound (called hydrophobe) to the oil (Fig. 2.10 ). The hydrophobe cannot diffuse from one droplet to another and is trapped in each droplet. If the emulsified oil was to diffuse from a small to a larger droplet, the hydrophobe concentration would increase in the smaller droplet (Fig. 2.10) , which is not favorable thermodynamically due to osmotic pressure increase. Therefore, the presence of the hydrophobe in each droplet efficiently prevents Ostwald ripening. Hexadecane is the most commonly used hydropobe, but numerous other hydrophobes have been shown to successfully prevent Ostwald ripening [36] [37] . Similar to direct miniemulsion, osmotic pressure in reverse miniemulsion (water-in-oil emulsion) can effectively be suppressed by an agent soluble only in the aqueous phase, a so-called "lipophobe", such as an inorganic salt [39] .
The formulation of a miniemulsion is relatively simple: nearly any type of oil and surfactant can be miniemulsified to lead to metastable droplets with sizes usually ranging from 50-500 nm. The dispersion requires a high-energy mechanical device, usually a probe sonicator is used, but other devices such as high pressure homogenizers (for example a commercial microfluidizer), can also be employed. Miniemulsion polymerization has become increasingly popular in recent years because it is an extremely versatile tool for preparing polymer nanoparticles and also for encapsulating hydrophobic compounds within polymer particles. Encapsulation of lipophilic drugs [40] , bactericides [41] , functional oligomers [38] , and even inorganic particles [42] has been achieved by this method. However, miniemulsion is not an ideal technique for small nanoparticles (d < 50 nm). Recently, much effort has been made to prepare miniemulsions which don't require sonication of high-shear homogenization [43] .
Microemulsion polymerization
In microemulsion, the monomer is initially confined to micelles and no droplets are present. Polymerization occurs within the micelle. It has been estimated that approximately one out of ten micelles is nucleated and becomes a polymer particle, the other micelles serving as monomer reservoir and surfactant reservoir. The resulting dispersion is thus formed of small polymer particles which are nonetheless larger than the original micelles. Their size ranges from 10-50 nm [44] [45] . Microemulsion polymerization prevents several specific characteristics which are worth mentioning. Firstly, due to their very small size (Fig. 2.11 ), the nanoparticle dispersion is translucent and does not significantly scatter light. Polymer molecular weights are also usually very high; for a system composed of small particles, the number of particles is very high (see equation (2.1)), and once a radical enters a micelle, another radical entry into the same micelle leading to termination is unlikely. As a result, most if not all particles contain one radical during polymerization, and as N p is very high, polymerization is extremely rapid.
EMA BMA EHMA S Fig. 2.11 . Nanolatexes of polyethylmethacrylate (EMA), polystyrene (S), butyl methacrylate (BMA), and 2-ethylhexylmethacrylate (EHMA) obtained by microemulsion polymerization. For these nanolatexes, a cobalt-based catalyst was used to limit polymer molecular weight. Reprinted with permission from [46] .
In contrast to metastable miniemulsions, which are only obtained after a high-energy mixing step, microemulsions are thermodynamically stable and form spontaneously. However, their formulation is particularly difficult. They require large amounts of surfactant, often larger amounts than monomer. In the ternary phase diagram (water, monomer, surfactant), the stability region for the microemulsion is extremely narrow. Thus, a slight change in monomer concentration, temperature or other operating parameters can result in loss of the microemulsion [47, 48] .
Self-assembly in selective solvents
As mentioned above, block copolymers with long hydrophobic sequences form crewcut micelles upon self-assembly in water. However, due to the lack of exchange mechanism, the self-assembly process is not spontaneous and it requires an indirect preparation route. The method generally employed consists of transferring the block copolymer from a good solvent, in which both blocks are soluble, to a selective solvent, in which only one of the blocks is soluble. The main requirement is that the good solvent and the selective solvent be miscible. Among the usual combinations of good and selective solvents, one finds THF/water or DMF/water. Once the self-assembly step is performed, the good solvent is removed, either by dialysis or by repeated centrifugations, although care should be taken to avoid flocculation of the nanoparticles during centrifugation. During the addition of the selective solvent, the solvation environment changes: it is first a good solvent, then an intermediate quality solvent, whereby micellization and rapid exchange between micellar and free polymer occurs, and finally it becomes a highly selective solvent, whereby the micelle configuration is frozen [30, 31] . Ternary phase diagrams for the polymer and both solvents are often extremely complex. Depending on the experimental design (polymer concentration and rate of selective solvent addition), a given trajectory will be followed on the phase diagram when the selective solvent is added [49] , and various zones of predominance will be visited. The result of the self-assembly process corresponds to the first structure for which exchange between micellar and dissolved chains is slow relative to the duration of the experiment.
Colloidal stabilization
As mentioned above, polymer nanoparticles are not colloidally stable unless they are stabilized, for example by a surfactant. Several mechanisms can be used to provide colloidal stability; they are based on (1) electrostatic stabilization, (2) steric stabilization, and (3) depletion mechanism. When the system is not colloidally stable it will coagulate or flocculate, resulting in the formation of coagulum, or floc. Both terms refer to the formation of particular aggregates, although for polymer colloids, the word coagulum is usually employed for compact aggregates which cannot be redispersed, whereas flocs are loosely bound aggregates, which in some cases can be redispersed into free flowing colloids. Although the colloidal stabilization of polymer nanoparticles at low solid content does not present any major difficulty, at high solid content (above 50 %), systems are prone to flocculate and one cannot rely on a single mechanism (electrostatic, steric, depletion) to impart colloidal stabilization. As a last note, several manufacturers commercially produce surfactant-free polystyrene latexes, for example as a tool for calibrating light-scattering instruments. Surfactantfree does not mean charge-free (residual charges from the emulsion polymerization initiator are present on the particle surface), and this low number of charges is sufficient to impart colloidal stability.
Electrostatic stabilization
Electrostatic stabilization is the predominant strategy used to stabilize polymer colloids in aqueous media. It is effective as soon as charges are immobilized at the surface of the nanoparticle. This can be achieved in a variety of ways: most commonly a charged surfactant will be added to the colloidal dispersion. In the case of the anionic surfactant sodium dodecyl sulfate (C 12 H 25 -O-SO − 3 Na + ), the hydrophobic tail (C 12 H 25 ) adsorbs on the surface of the particle, leaving the polar sulfate head (OSO − 3 ) at the interface between the particle and the aqueous phase. The sodium counter ion is 'free' in water. Thus, the polymer nanoparticle is decorated by negative charges via the adsorption of the surfactant (sulfate heads, Fig. 2.12 ). Note that in this case, the adsorbed surfactant is in dynamic equilibrium with the dissolved surfactant, therefore they are not static punctual charges per se. However, the mathematical descrip-tion of electrostatic stabilization is not affected by the presence of this dynamic equilibrium.
The simplest (and inaccurate) explanation for the electrostatic stabilization mechanism is the presence of an electrostatic repulsion between the two negatively charged nanoparticles (assuming that an anionic surfactant is used). This is far from satisfying and more information can be gleaned by considering the electrical potential of a single charged spherical nanoparticle immersed in water (Fig. 2.12) . Due to the presence of surface charges, ions of opposite charge are condensed (adsorbed) at the proximity of the particle surface. The liquid layer where these ions are located is called the Stern layer. Further away from the Stern layer, the ions are attracted by their close neighbors, but they can also exchange with freely diffusing ions in the solution. Far away from the particle surface, the spatial distribution of cations and anions is homogeneous (concentration c ∞ ), and the attraction (or repulsion) by the charged particle surface is entirely screened. Thus, an intermediate layer exists between the Stern layer and the free solution containing ions of low (but non-zero) mobility, which feel the electrostatic potential generated by the surface charge. It is referred to as the diffuse layer ( Fig. 2.12) , and the Stern and diffuse layers combined form the double layer. Let us now consider two charged nanoparticles approaching one another. When the diffuse layers interpenetrate, the concentration of ions in the overlap region becomes larger than the concentration of ions which are free in solution, resulting in an increase of osmotic pressure. The system will thus tend to separate the two charged nanoparticles in order to recover osmotic equilibrium. Therefore, the 'force' which repels two charged nanoparticles is principally osmotic in nature and is often called an electro-osmotic force.
By solving the Poisson-Boltzmann equation using a number of assumptions [50] , one finds that the electrical potential (V(r)) generated from the surface is maximal at the surface and decreases exponentially with r, where r is the distance from the surface of the nanoparticle (Fig. 2.12 ). The characteristic decay length of this exponential is 1/κ, which is referred to as the Debye length of the diffuse layer. The quantity 1/κ is often used as a measurement of the thickness of the double layer. The electrostatic potential has nearly entirely vanished at a distance 2/κ from the surface and thus, the distance at which the surfaces of two approaching nanoparticles start to electrostatically interact is 4/κ. The mathematical expression of the Debye length (Fig. 2.12 ) is relatively simple and only takes temperature and ionic strength of the medium into account, with a characteristic exponent of −1/2. Thus, the higher the ionic strength, the faster the surface charges will be screened by other charges and the steeper the decay of the electrostatic potential. In Table 2 .4, values of Debye lengths are consigned for various electrolytes and concentrations. For divalent and trivalent cations, the Debye length becomes very small, even at moderate ionic strength; thus nanoparticles can approach each other at very close proximity without any electrostatic repulsion. In these conditions of ionic strength, the electrostatic stabilization is ineffective. It is thus not surprising that Al 3+ -containing salts such as aluminum sulfate are used industrially as flocculants. Inversely, at very low ionic strength, the diffuse layer ex-tends very far into the solution, and even at low solid content the diffuse layers of each polymer nanoparticle interpenetrate. As the ions and the surrounding hydrating water in the diffuse layer have low mobility, the viscosity of the latex increases significantly. Such an effect is referred to as an electroviscous effect. A spectacular experiment for demonstrating this effect consists of deionizing the continuous phase of a monodisperse latex with an equimassic mixture of acidic and basic ion exchange resins. When the ionic strength is low enough, the latex looks like an opalescent viscous gel which will immediately return to liquid on addition of a pinch of salt. So far, only the repulsive electro-osmotic force was considered to describe the interaction of charged nanoparticles. However, other interactions are at stake and a simplified description of all the interactions between two charged nanoparticles was proposed by Derjaguin and Landau [51] , Verwey and Overbeek [52] , in what constitutes the DLVO theory. The interaction potential (Fig. 2.13 ) between two polymer particles is given by the summation of an attractive van der Waals potential, V a , the repulsive electro-osmotic potential, V r described above, and a repulsive very short action Born potential, V b , which prevents the two nanoparticles from interpenetrating. The overall potential presents two minima (Fig. 2.13) . A deep primary minimum is located at a short distance which corresponds to the distance at which the two nanoparticles are in close contact. When the particles fall into this minimum, they are (irreversibly) coagulated. A maximum height (V m ) is present at intermediate distance. Lastly, a shallow secondary minimum is present at large distance The energy difference ΔV f represents the energy barrier that a particle must cross in order to reach the primary minimum. The higher this barrier, the more stable the colloid. It is generally accepted that under normal conditions a barrier of ΔV f = 15 RT is sufficiently high for the colloid to be stable. As the Debye length is shorter with higher ionic strength, the increase in ionic strength is one of the key factors responsible for a decrease of ΔV f and therefore for the loss of colloidal stabilization. 
Steric stabilization
Another method of stabilizing latex particles is to physically prevent their approach by introducing a hairy layer of solvated polymer at their surface. If the hairy layers are sufficiently thick, the two spheres will only be able to approach each other up to a distance at which the van der Waals attraction is small relative to thermal energy (kT). For a particle of 20 nm size (Fig. 2.14) , a layer a few nanometers thick will be sufficient. However, for larger particles, very thick layers need to be employed as the reach of the van der Waals attraction increases with particle size. Thus, it is easier to stabilize small particles by a steric mechanism. From Fig. 2 .14, one may infer the size of the hairy layer which is necessary to impart steric stabilization. It is possible to convert layer thickness into polymer molecular weight, provided specific information on the polymer conformation in the solvent is available. Such information can be gathered experimentally (using viscosimetric or light scattering experiments) or theoretically (via atomistic calculations). The rule of thumb is that the radius of gyration of the chain is R g ≈ 0.05 MW 0.5 . For a particle of diameter 200 nm, a hairy layer of 6.6 nm provides a stabilization of 2 kT, which corresponds to a molecular weight of 17 000 g/mol.
When sterically stabilized particles approach each other, interpenetration of the hairy layers results in a restriction of their accessible configurations, which is unfavorable in terms of entropy. Furthermore, the concentration of hairs in the overlap region increases, which results in a local increase of osmotic pressure. To maintain osmotic equilibrium, the solvent will tend to decrease the local concentration of hairs, which results in separation of the particles. Thus, steric stabilization is osmotic in nature [53] .
Steric stabilization can be achieved by several means. For example, non-ionic surfactants, consisting of a hydrophobic unit and a pegylated water-soluble polymer can impart steric stabilization. The reader should be aware that these surfactants exhibit a cloud point, that is to say a temperature above which they are not soluble [54] . Indeed, at low temperature, the pegylated chain is soluble in water due to the presence of hydrogen bonds between water and the oxygen atom of the pegylated chain. This represents an enthalpic contribution to the heat of dissolution of the polymer. At higher temperature, the entropic cost associated with the liberation of the hydrogen bonded water molecules offset the enthalpic gain and the pegylated chain becomes insoluble in water. Cloud points are dependent on the nature and concentration of the surfactant and the nature of the ions present in the continuous phase.
Another method of achieving steric stabilization relies on the use of water-soluble polymers which are introduced during polymerization and act as chain transfer agents. For example, polyvinyl pyrollidone (PVP) is susceptible to hydrogen abstraction (chain transfer) in α to the carbonyl group. During an emulsion polymerization, the hydrogen abstraction step is followed by the insertion of hydrophobic monomers, resulting in the formation of a graft amphiphilic copolymer on a PVP backbone. This amphiphilic graft polymer, formed in situ during polymerization, serves as steric stabilizer. 14. Effect of the particle diameter on the van der Waals attraction between two particles. The potential of interaction was calculated using the analytical expression for van der Waals potential presented in [55] . The horizontal line corresponds to an attraction potential of 2 kT. A Hamaker constant of 0.95 ⋅ 10 −20 J, corresponding to the Hamaker constant of polystyrene in water, was used to create this graph.
Steric stabilization is usually considered to be insensitive to ionic strength but sensitive to temperature. Unlike electrostatic stabilization, steric stabilization is also effective in organic mediums, provided the hairy layer is soluble in the solvent. Finally, in aqueous mediums, a very efficient method of stabilizing a colloid consists of the electrosteric mechanism, whereby the hairy layer is constituted of a polyelectrolyte [56] , as it combines the features of electrostatic and steric stabilization.
Depletion stabilization
In the depletion stabilization mechanism, the stabilizing polymer does not interact directly with the nanoparticle surface, but is simply dissolved in the continuous medium. Thus, the choice of stabilizer is greatly simplified, as its only structural requirement is that it be soluble in the solvent. However, this mechanism is to be handled with great care, as the same molecule can act as either stabilizer or flocculant [57] . The stabilization mechanism occurs when the medium is concentrated in stabilizer (or dilute in nanoparticles). Inversely, depletion occurs when the medium is dilute in polymer (or concentrated in nanoparticles). Practically, stabilization by depletion occurs at stabilizer concentrations which are so high that it is difficult to use under most experimental conditions. The reverse is unfortunately true: it is a common observation that flocculation of a stable dispersion is triggered upon addition of a soluble polymer.
When a polymer is dissolved in the solvent, its center of mass cannot approach the surface of the nanoparticle (Fig. 2.15) . Therefore, each nanoparticle is surrounded by an imaginary layer which cannot be visited by the center of mass of the dissolved polymer. The thickness of this depletion layer is equal to R g [58] . When two nanoparticles approach one another, their depletion layers overlap. In the overlap volume, the depletion layer is shared by two particles, with the consequence that solvent has been released outside the depletion layer. Thus, the volume of solvent accessible to the polymer increases. Lowering the polymer concentration results in a decrease of its chemical potential, which is favorable thermodynamically. This is the basis for depletion flocculation. Let us now consider the case where the nanoparticle suspension is very dilute. When two nanoparticles approach each other, they will have to first repulse (or exclude) dissolved polymer chains before the depletion layers start to overlap. Compression of the polymer chains starts to occur when the inter-particle distance is equal to 2 R g . When the inter-particle spacing is further reduced, the conformation of the polymer chain is changed from a random coil to a conformation which is more geometrically constrained and less entropically favorable. Thus, an energy barrier must be crossed in order for the depletion layers to overlap and the particles to flocculate. According to Napper, if this barrier is higher than 20 kT [53] , then the colloid is protected from flocculation. However, this is only the case if the concentration of polymer dissolved in the solvent is high and if the polymer molecular weight is high. Indicative calculations are presented in [53] for a polystyrene latex stabilized by a non-ionic surfactant with 17 ethylene oxide units. Depletion stabilization occurs when a 1 000 g/mol polyethylene glycol polymer is added at a concentration of 380 g/l or above. Any lower concentration results in destabilization by depletion flocculation. If a 10 000 g/mol polyethylene glycol is used instead, stabilization occurs for concentration greater than 55 g/l.
Obviously such high concentrations are impractical, as they will lead to very high viscosity.
Future directions
The field of colloidal stabilization is a fascinating and vibrant area of science which combines physical chemistry and fluid dynamics. For example, recently a new form of particle stabilization, named haloing, was discovered. It occurs when an uncharged nanoparticle is immersed in a medium containing very small, highly charged nanoparticles [59] . The domain also has exceedingly important technological repercussions, ranging from advanced materials to drug delivery. The small chapter presented here only scratches the surface of the field, and the interested reader should consult the references listed below.
